The thermal signature of Aso Volcano (Nakadake) during unrest episodes has been analyzed by combining the MODIS-MIROVA data set (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017) with high-resolution images (LANDSAT 8 OLI and Sentinel 2) and ground-based thermal observations (2013)(2014)(2015)(2016)(2017). The site of major activity (crater 1) is located at the summit of the volcano and is composed by a fumarole field (located in the South Area) and an acidic lake (replaced by a Central Pit during Strombolian phases). The volcanic radiative power (VRP) obtained by nighttime satellite data during the reference period was mainly below 3 MW. This thermal threshold marks the transition from high fumarole activity (HFA) to Strombolian eruptions (SE). However, periods characterized by sporadic phreatic eruptions (PE, eventually bearing phreatomagmatic episodes), which is the prevalent phase during unrest episodes, exhibit very low VRP values, being around 0.5 MW, or below. The statistical analysis of satellite data shows that the transition from HFA to Strombolian activity (which started on August 2014 and ceased in May 2015) occurs when VRP values are above the cited 3 MW threshold. In particular during marked Strombolian phases (November-December 2014), the radiative power was higher than 4 MW, reaching peak values up to 15.6 MW (on December 7, 2014, i.e., 10 days after the major Strombolian explosion of November 27). Conversely, ground-based measurements show that heat fluxes recorded by FLIR T440 Thermocamera on the fumarole field of the South Area has been relatively stable around 2 MW until February 2015. Their apparent temperatures were fluctuating around 490-575 °C before the major Strombolian explosive event, whereas those recorded at the active vent, named Central Pit, reached their maxima slightly above 600 °C; then both exhibited a decreasing trend in the following days. During the Strombolian activity, the crater lake dried out and was then replenished by early July, 2016. Then, volcanic activity shifted back to phreatic-phreatomagmatic and the eruptive cycle was completed. During this period, the MIROVA system detected very few thermal alerts and the ground-based measurements were fluctuating around 1 MW. The most violent explosion occurred on October 8, 2016, and within the following weeks measured VRP were moderately above 2 MW. This is coeval with a thermal increase at the fumarole field of the South Area, with temperatures well above 300 °C. Thermal monitoring at Aso Volcano is an additional tool in volcano surveillance that may contribute to near-real-time hazard assessment. 
Introduction
Nakadake is the active center of the Aso caldera located in north-central Kyushu, Japan. It is also known as Aso Volcano or Asosan and its cater is composed by a migrating fumarole field and an acidic crater lake (named Yudamari) which occupies the crater bottom within the northern sector.
It is generally accepted that crater lakes at active volcanoes are systematically affected by anomalous concentrations of volcanic gases and by hydrothermal fluids that rise from greater depths. Variations in fluid flow rates from below may induce substantial changes in the temperature and composition of fumarolic gases, which may be eventually accompanied by changes in the volume and morphology of the coexisting lake (e.g., Rouwet and Tassi 2011; Christenson et al. 2015; Hurst et al. 2015) . However, the thermal monitoring of fumarolic areas is widely used to decode the signals of volcanic unrest at active volcanoes (Chiodini et al. 2007; Fischer et al. 2015; Shinohara et al. 2015) . Concentrated degassing in areas surrounding the crater and/or in proximity of crater lakes may drastically increase before changes in volcanic activity that may lead to the onset of eruptive events. Overall, fumaroles located within or around crater lakes may exhibit the first signs of volcanic unrest, essentially given by variations in temperature and fluid flow rates. This process is generally associated with variations in the chemical composition of gases and may be eventually coupled with color changes within lake waters (e.g., Onda et al. 2003; Németh et al. 2006; Ohsawa et al. 2010; Fischer et al. 2015; Shinohara et al. 2015) . Nowadays, satellite thermal data are widely used to monitor active volcanoes (Ramsey and Harris 2012, Harris 2013; Coppola et al. 2016a) but the detection and analysis of small thermal anomalies has been a rather stimulating challenge (e.g., Coppola et al. 2016b; Laiolo et al. 2017) . This is essentially due to the fact that fumaroles are small thermal signals in comparison with lava flows and/or domes. To better decode thermal variations, TM-class sensors operating in the thermal infrared (TIR) region of the electromagnetic spectrum have also been used to collect systematic measurements (Oppenheimer 1993 (Oppenheimer , 1996 (Oppenheimer , 1997 Trunk and Bernard 2008; Bodruddoza Mia et al. 2014; Murphy et al. 2018) . These sensors may arrive to 30-90 m pixel resolution and may be quite efficient in detecting and locating small hot spots (e.g., Harris 2013) . Unfortunately, these types of sensors exhibit a rather poor temporal resolution (~ 14-16 days) and may not detect the short-term fluctuations of the thermal signal, particularly during the onset of unrest episodes. Essentially for this reason AVHRR-class sensors (which provide several images per day with 1-km pixel resolution on IR bands) have been used in tracking eruptive events (Dean et al. 1998; Dehn et al. 2002; Patrick et al. 2005) and to distinguish hot fumaroles fields from other sectors of the volcano (i.e., at Vulcano Island; Harris and Stevenson 1997) .
In a recent paper, Laiolo et al. (2017) have used MODIS (moderate resolution imaging spectroscopy) data, analyzed by means of the MIROVA algorithm (Coppola et al. 2016a) in combination with higher resolution Landsat images, to evaluate volcanic unrest episodes related with the high-temperature fumaroles of Santa Ana volcano (El Salvador) . The advantage of this refined algorithm is that we can satisfactorily use MODIS data, characterized by four overpasses per day to monitor our target volcano, i.e., a rather satisfying temporal resolution for near-realtime volcano surveillance.
In this paper, we present the thermal screening of Nakadake volcano by combining and analyzing, the 2000-2017 MODIS-MIROVA data set with higher resolution images provided by Landsat 8 OLI and Sentinel 2 images (since 2013 and 2015, respectively). The processed thermal signatures are then compared and discussed with ground-based geophysical data to delineate the timeline of unrest episodes coupled with the onset and duration of thermal anomalies. We focused our attention on the transition from phreatic-phreatomagmatic to strombolian eruptive styles. The final results contribute to unravel the relationships between the upper part of the magma body and the hydrothermal system which modulate the changes of the crater lake.
Aso caldera and Nakadake volcano
The Aso caldera located in north-central Kyushu (Fig. 1a) lies on the Beppu-Shimabara graben (Kamata and Kodama 1994; Takayama and Yoshida 2007) which shows an extensional component and is subdivided in several fault zones. The most active sector has been recently the strike-slip Futagawa Fault (Research Group for Active Faults of Japan 1991) that generated the Kumamoto earthquake (Mw 7, on April 15, 2016) and was followed by an intense seismic swarm. Rupture propagation terminated near the southwest side of Aso Volcano (Yagi et al. 2016) . The Aso caldera is an N-S elongated structure, approximately 25 by 18 km wide. Four major eruptions (whose deposits are named Aso-1, Aso-2, Aso-3, and Aso-4) led to the formation of the caldera and occurred at 266, 141, 123, and 89 ka, respectively (Matsumoto et al. 1991) . The last large eruption (Aso-4) produced more than 600 km 3 of volcanic tephra and formed the present caldera (Committee for Catalog of Quaternary Volcanoes in Japan 1999). Since then, several minor eruptions took place within the central part of the caldera, forming the so-called central cones. In terms of magma composition, there is a high variability, from silicic to mafic, of the erupted lavas and tephra (Ono and Watanabe 1985; Hunter 1998; Kaneko et al. 2008) . Currently, Nakadake is the only active volcano (Fig. 1a) and eruptive products are predominantly andesitic and basaltic (cf., Miyabuchi and Sugiyama 2011; Miyoshi et al. 2013) . Some of them are distinctly related to Strombolian type of eruptions: such as the bomb-rich pyroclastic flow deposit described by Miyabuchi et al. (2006) .
The recent volcanic history of Nakadake is rather complex due to the variability of unrest episodes. Sudo (2001) described its typical eruptive activity which can be synthesized in terms of an eruptive cycle involving the summit lake, named Yudamari (or Crater 1), and the active fumaroles (Fig. 1b) . During normal activity, the lake is white greenish and its temperatures are around 50-60 °C, fumaroles are normally active with temperatures ~ 90 °C. An increase in the heat flux will induce the progressive evaporation of lake waters (which first become gray in color and then may partially and/or totally evaporate), and phreatic explosions may occur (e.g., Sudo 2001; Shinohara et al. 2015 ).
An additional growth in volcanic activity is accompanied by opening of small pits (of several meters) within the crater bottom, with the ejection of hot gases and volcanic ash leading to multiple incandescent spots. When this threshold is reached, the quantity of ejected ash drastically increases together with the diameters of the pits (which may arrive to tens of meters in diameter). A further increase in the activity will cause the transition to Strombolian activity with the ejection of juvenile materials from active vents. Fig. 1 a Aso caldera and Nakadake volcano in north-central Kyushu. b Google Earth snapshot of Nakadake crater; the star represents the site from where ground-based measurements were collected. The Yudamari crater lake and the fumarole field are also shown by cyan and red contours, respectively. c Schematic diagram of the cyclic volcanic processes at Nakadake crater (modified after Sudo 2001) . The three representative Landsatclass images (false color RGB; R: 2.2 µm; G: 1.6 µm; B: 0.8 µm) at the vertexes of the triangle illustrate the thermal pattern during the principal phases of activity (crater lake → high fumarolic → strombolian). Landsat images courtesy of ESA Copernicus Service Data Hub. See the text for details the crater bottom is substantially buried and, within few months, the crater lake normally reappears. However, the volcano can be still affected by violent phreatomagmatic and phreatic explosions. The cycle (Fig. 1c) is then completed with the progressive ceasing of eruptive episodes.
In the light of the above, we will now analyze the chronology of unrest phenomena that occurred at Nakadake within the last 28 years: Some of them overlap with the time series of data we are presenting.
Following the Strombolian activity of November 1989, several phreatomagmatic eruptions occurred until 1991; these were replaced by phreatic eruptions (up to VEI 2) in 1992, 1994, and 1995. The early transition from ash fallout activity to Strombolian (Ono et al. 1996; Sudo 2001) has been analyzed by Yokoo and Taniguchi (2004) who reconstructed, by video-image processing, that the speed of pressure waves during the onset of Strombolian activity reached 200-300 m/sec. A crater lake, named Yudamari, formed at the summit area of Nakadake (early 1990) Ikebe et al. 2008; Miyabuchi et al. 2008) . During this span of time, two main ash falls were recorded in , and from 2008 to February 2009 , the area surrounding the crater was affected by several tephra falls. During midJuly 2010, volcanic unrest was characterized by a seismic swarm bearing high tremor amplitude (cf., Nobile et al. 2017; Japan Meteorological Agency 2013; Global Volcanism Program 2015) . In this period, hot glowing fumaroles were actively degassing at the rim of the crater lake. Eruptive episodes were recorded during May-June 2011 with a new tephra fall. Koike et al. (2014) detected the change in radon concentration within geothermal reservoirs of Aso caldera and compared it with some of the earlier eruptions that occurred at Mount Aso. Phreatomagmatic activity was resumed during January-February 2014 accompanied by moderate seismicity. Then, during the summer-fall of 2014 Nakadake entered a period of marked eruptive unrest characterized by Strombolian activity that culminated with the major explosion of November 27, 2014 (Japan Meteorological Agency 2013 Global Volcanism Program 2015) . During the fall of 2014, the summit lake practically disappeared and the crater was substantially occupied by an active vent with moderate to sustained Strombolian activity (such as the eruption of November 27, 2014). This activity produced low-altitude but persistent ash plumes (Fig. 2 ) until the beginning of May 2015.
In the following months, waters accumulated within crater and the lake progressively grew up again. During this span of time ,fumaroles were particularly active (cf., Terada and Hashimoto 2017) . McKee et al. (2017) estimated, by means of an infrasonic array, that during July-August 2015 the exit velocity of the fumarole of the central vent reached values of ~ 79 to 132 m/s. During late 2015 and throughout the 2016, several violent phreatic and phreatomagmatic explosions occurred. The most violent, on October 8, 2016 ejected ballistic projectiles associated with an ash column, approximately 11 km high, which collapsed generating incipient pyroclastic flows in the surroundings. The summit area has been covered by 50-100 cm ash and tephra and the crater lake disappeared. Volcanic activity was then declining (Global Volcanism Program 2016 , 2017 .
Considering the above chronology, we will now synthesize what is known about the inner feeding system of Aso Volcano. Yamamoto et al. (1999) by analyzing volcanic tremors suggested that an almost vertical 2.5-km-long crack-like conduit (dipping west-southwest) is responsible of transferring volcanic gases to summit the crater. However, seismic tomography detected a low-velocity body at a depth of 6 km, laying 3 km west from the active crater (Sudo and Kong 2001) .
Long-term leveling survey data obtained from 1937 to 2004 (Sudo et al. 2006) revealed the existence of a deformation source near the previously detected low-velocity body of Sudo and Kong (2001) (with a deflation of ~ 7 cm) being indicative of a magma chamber, that by supplying the gases to the crater, undergoes deflation. An additional evidence of high-temperature fluids/magma migrating to the surface is given by the 3-D seismic reflection analysis of Tsutsui and Sudo (2004) who detected an area with no reflections at a depth of 1.5-3.5 km below the crater.
However, on the basis of GPS data, the Geographical Survey Institute (2004) suggested that a sill-like dilatation source (with dimensions of 4.8 km, running N-S, by 4.4 km, running E-W) is located at an approximate depth of 15.5 km beneath the eastern flank of the central cones (with a vertical opening of about 70 cm during the middle of 2003). More recently, Ohkura and Oikawa (2012) detected, also by means of GPS data, two deformation sources (one compatible with the magma chamber at 6 km depth, and the other one related to the sill-like source) which were deflating during 1997 and during 2004 . Ohkura and Oikawa (2012 also estimated the overall deflation of the two sources matches the volume of gases emitted during the same period (i.e., 9 × 10 6 m 3 from 2004 to 2008). Subsidence persisted until 2011 (Unglert et al. 2011) . Recent geophysical studies (Abe et al. 2010 ) have shown the existence of a deeper low-velocity layer (between 10 and 24 km) beneath the western sector of the caldera, likely containing up to 15% of melt or 30% aqueous fluid. More recently, Abe et al. (2016) , through an accurate analysis of the receiver functions from teleseismic waveform data, confirm the above observations and detected a low-velocity zone at a depth of 8-15 km beneath the eastern flank of the central cones. Moreover, they located the foci of low-frequency earthquakes (deep low-frequency earthquakes, DLFEs) that cluster just below the sill-like deformation source; finally they inferred the existence of a second low-velocity zone extends in and around the caldera at a depth of 15-23 km.
Methods
The volcanic radiative power (VRP) was retrieved from the IR (InfraRed) data acquired by MODIS (Moderate Resolution Imaging Spectroradiometer) and automatically processed by means of the MIROVA algorithm (Coppola et al. 2016a ). The MODIS sensors are mounted on Terra and Aqua satellites and were launched by NASA (National Aeronautics and Space Administration) on February 2000 and May 2002, respectively. The moderate resolution (1-km pixel resolution) and the relative short time of overpasses (four images per day at equatorial latitudes), combined with the MIR (Middle InfraRed) wavelengths, make this sensor reliable for a continuous monitoring of volcanic activity at a global scale (cf. Wright et al. 2002; Rothery et al. 2005; Coppola et al. 2016a) .
The MIROVA algorithm uses the Middle InfraRed (MIR) data acquired by MODIS images and applies spatial and spectral constraints to detect, locate, and quantifying thermal anomalies on the investigated area (50 × 50 km box for any "target" volcano; Fig. 3a) . The volcanic radiative power (Watt) is calculated according to the Wooster's MIR-method (Wooster et al. 2003) , as follows:
where the L 4alert and L 4bk are the 4 µm (MIR) radiance
) of each alerted pixel/s and local background, respectively; A PIX is the pixel size (1 km   2 for MODIS resampled data), n is the number of alerted pixels. Equation (1) can be successfully applied in analyzing thermal anomalies comprised between 500 and 1500 K (cf. Wooster et al. 2003 ; Eq. 6 of their work). This parameter may range from less than 1 MW to Fig. 2 The active ash-plume above Nakadake on January 18, 2015, during a period of sustained Strombolian activity. The plume reaches approximately 600 m above the active crater. Photograph taken from Unzen volcano looking ENE along the Bebbu-Shimabara graben. In the foreground the Shimabara Bay more than 40 GW at active volcanoes (cf. Coppola et al. 2016a) . Currently, the algorithm of Eq. (1) is encapsulated in the fully automated MIROVA platform; a nearreal-time hot spot detection system which is thermally monitoring over 200 of the most active volcanoes on the earth (www.mirovaweb.it). Nowadays, the system is actively monitoring 11 Japanese volcanoes including Aira (Sakurajima), Kusatsu-Shirane crater lake, and Nishinoshima among others (see http://www.mirovaweb. it/?action=nrt#Japan). Daily results are posted automatically on the Web site (an example shown in Fig. 3 ) within 1-4 h/s since image acquisition (cf. Coppola et al. 2016a) .
The system has been very practical in responding to effusive crisis at Stromboli (Valade et al. 2016 ), Piton de la Fournaise (Coppola et al. 2017a; Harris et al. 2017 ) and Bardarbunga-Holuhraun (Coppola et al. 2017b ) as well as for monitoring, in near-real time the growth and evolution of lava-lake activity at Nyamulagira volcano (Coppola et al. 2016c ). Nonetheless, it has been particularly efficient in detecting low thermal activity related to the slow extrusion of viscous lava bodies at Ubinas (Perù) and Nevado de Chillan (Chile) (Coppola et al. 2015 (Coppola et al. , 2016b as well as to identify the development of an hightemperature fumaroles field at Santa Ana Volcano, El Salvador (Laiolo et al. 2017) .
The entire dataset of nighttime MODIS images consists of 12,368 elements. Until June 30, 2017 less than 5% (601 in total) have shown at least one alerted pixel. The MIROVA system automatically recognized 590 images characterized by anomalies located in a 5 × 5 km box, centered on the coordinates of the volcano (Fig. 3a) , whereas 11 alerts were detected at more than 5 km from the summit and were likely related to fires. All the anomalies were checked by eye inspection to confirm that such thermal anomalies were related to a volcanic origin (Coppola et al. 2016a) .
In addition to the moderate resolution (1 km) IR data provided by MODIS, we analyzed higher resolution (30 m) IR data acquired by the LANDSAT 8 (https://landsat.usgs.gov/landsat-8) and the SENTINEL 2 (https:// sentinel.esa.int/web/sentinel/missions/sentinel-2) missions, respectively. These two satellites monitor land surface conditions of the entire globe since March 2013 and June 2015, respectively, with a typical revisit time between 8 and 16 days. Landsat 8 and Sentinel 2 provide multispectral data in 11 and 13 bands, respectively, and both have the three channels (centered at ~ 2.2, ~ 1.6 and ~ 0.85 µm) typically used for hot target detection (Murphy et al. 2017) . Full and open access to the data is provided free of charge by the ESA's (European Space Agency) Copernicus Service Data Hub (https://cophub. copernicus.eu/dhus/#/home). Instead of downloading the large amount of data archived in the packed swaths of Landsat-class images, we used the "Sentinel Playground" a cloud-based GIS platform developed by Amazon, for distribution, management, and analysis of satellite data MODIS-MIROVA (http://www.sentinel-hub.com/). This system allows composing, cropping and downloading the full datasets of Landsat 8 OLI and Sentinel 2, by using the cloud service provided by Amazon Web Service S3 (AWS-S3). We thus developed a simple routine that queries the AWS-S3 system for any satellite overpass centered on Nakadake crater, and composed a false color RGB image (R: 2.2 µm; G: 1.6 µm; B: 0.8 µm) for an area of 40 × 40 pixel (1200 m by side) as shown in Fig. 4a . The complete dataset acquired between 2013 and 2017 over this small box consists of 110 images. Importantly, the false color images generated by AWS-S3 system are provided with gain and gamma equal to 1 so that the RGB indexes (scale of values between 0 and 255) are directly proportional to the digital number (DN) of the original granules. Therefore, in order to detect the presence of hot spot, we develop an algorithm that operates on the RGB indexed images rather than with the original radiance data (such as the HOTMAP algorithm; Murphy et al. 2017 ), but essentially with the same principles.
The algorithm is based on the calculation of three of thermal indexes (TI) according to:
where R, G and B are the indexed values (0-255) of the red (2.2 µm), green (1.6 µm) and blue (0.8 µm) component, respectively. Hence, for each pixel the maximum value of the three indexes is considered so that:
An example of the resulting TI map is shown in Fig. 4b . Note how the two hot spots located on the Yudamari crater lake and fumarole field (reddish to orange in Fig. 4a ) are characterized by high TI with respect to the surrounding. The contrast is particularly evident in the stacked vertical profile shown if Fig. 4c where we plotted the maximum TI value for each row. The two hotspot's areas appear as evident peaks, reaching TI well above the value of 50. On the contrary, the surrounding areas have TI values always below 20. A conservative threshold of TI = 40 (red dashed line in Fig. 4c ) is thus used to classify a pixel as hot spot contaminated.
In addition to satellite thermal monitoring, groundbased thermal infrared observations at Aso Volcano were repeatedly conducted to track temporal evolution of surficial thermal activity at the active crater (Crater 1, Fig. 5 ). For the observation, we used a handy camera T440 (FLIR Systems Inc.; temperature range − 20 to 1200 °C, resolution 320 × 240 pixels, and field of view 25° × 19°) to take several images (usually 5-6, sometimes more than 10 images) from the fixed location on SSW rim of the crater (Fig. 1a) . At a distance of 200 m to the south-wall fumarole area (Fig. 5) , the size of one pixel of the image equates to an area of 0.078 m 2 . Frequency of observations were every 10 days in average (recent 160 data were acquired in 1660 days = 4.5 years).
We estimated the heat flux using a following equation given by Sekioka and Yuhara (1974) and Matsushima et al. (2003) : where T is the temperature difference from a "thermally normal" area, S is the total anomalous area with T, and K is an empirical coefficient depending on meteorological conditions, such as wind velocity, humidity, air temperature, and other factors. Thermal anomaly area is defined as the surface area with the temperature higher than T 0 + 3σ (Kagiyama 1981) . The normal temperature T 0 and the standard deviation σ are statistically determined from the acquired thermal infrared image (Fig. 5) . Following Sekioka (1983) , we set a value of K = 39 W/ m 2 K, being consistent with the relationships reported by Matsushima et al. (2003) .
Results
We will first analyze and discuss the long-term volcanic radiative power (VRP) collected from 2000 to 2017 and then concentrate in probing the transition from phreatic-phreatomagmatic to Strombolian activity (and vice versa), by taking into account ground-based thermal measurements.
In Fig. 6a , we present the 2000-2017 radiant fluxes, calculated by MIROVA at Nakadake, compared with the principal eruptive phases depicted by on site observations and independent reports (Japan Meteorological Agency 2013; Global Volcanism Program 2015 , 2016 , 2017 . We also referred to Nobile et al. (2017) who synthesize the activity of Aso Volcano since 1989.
The calculated volcanic radiative power (VRP) values spanned from less than 0.1 MW to a maximum of 15 MW, with an overall average of 0.9 MW throughout the analyzed period. Therefore, the thermal activity at Aso Volcano was, in general, very low (< 1 MW; cf. Coppola et al. 2016a ). On the other hand, thermal alerts showed a rather regular persistence during the entire time series. This is consistent with the fact that the average repose time (time encompassed between two successive recorded anomalies) is ~ 10 days, with the longest period of thermal rest (~ 300 days) recorded between January and October 2016 (Fig. 5a ). The frequency of thermal alerts, hereby calculated on a monthly scale (cf. f alert in Coppola et al. 2013) , spans from 1% to a peak values that reach 25% (November 2014), with average values of about 6%, being consistent with 4 alerted images for month.
It can be noted that during phases of sporadic phreatic events (PE) or tephra/ash release, the thermal activity was very low (< 0.5 MW) or absent. Conversely, periods characterized by high fumaroles activity (HFA) exhibited a longer persistence of thermal anomalies with VRP often comprised between 1 and 2 MW. In particular, the long-term cycles of HFA (glowing fumaroles) were recorded by relatively intense satellite thermal anomalies during 2001-2003 and 2009-2010 . In both cases, an incandescence of a sector of the southern crater wall has been recorded, with temperatures above 500 °C, and temperatures of the water lake reaching about 80 °C (cf., JMA 2013) . VRP values were approaching 2 MW during early 2003, with a temporary maximum (~ 3 MW) in Fig. 6a ). The latter phase was also characterized by higher seismicity (i.e., high and persisting tremor), which was followed by a period of declining thermal signals, on 2011, characterized by several phreatic episodes.
A new cycle of increasing VRP can also be observed from 2012 to mid-2013 which also recorded and increasing trend in lake temperatures (up to 70 °C) coupled with spot-like incandescence of the southern wall (JMA 2013) . This high fumarole activity (HFA) was the prelude to the onset of Strombolian eruptions (SE).
The marked phase of strombolian activity (from August 2014 to May 2015) that affected Nakadake is the sole span of time when the radiative power exceeded 10 MW, reaching peak values up to 15 MW on December 7, 2014 (i.e., 10 days after the intense explosion of November 27). Within the following months, phreatic events were accompanied by thermal detections that were lower in number and intensity. However, enhanced thermal activity started again on November 2016 and has been preceded, on October 8, by a strong explosion with the ejection of an 11-km-high ash column associated with incipient pyroclastic flows within the summit area (GVP 2016) . The ongoing thermal activity (2017) is characterized by a high frequency in the alert detection (15% on Statistical analysis of VRP data gives us the opportunity to better analyze the acquired dataset and to recognize distinct thermal regimes related to observed type of activity (e.g., Coppola and Cigolini 2013; Coppola et al. 2014) . At Aso Volcano, the distribution of the volcanic radiative power (VRP) shows low-intensity (i.e., < 3 MW) thermal anomalies (for about 97% of the dataset) with just two images exceeding 10 MW (cf. Fig. 6b ). These peak values were only recorded during November-December 2014, when the eruptive style was characterized by frequent strombolian explosions within a single crater (crater n. 1) producing the ejection of scoria bombs, lapilli, and ash onto the crater rim (cf. Global Volcanism Program 2015).
On the normal probabilistic plot (see Fig. 6c ), we can easily identify and quantify two distinct populations which summarize the whole VRP dataset acquired at Nakadake. A distinct change point in the slope of the normal distribution can be observed at about 2.8 MW, with VRP values above such a value defining a different trend (i.e., approximately 2% of the entire dataset). This thermal threshold substantially marks the transition from high fumarole activity (HFA) to strombolian eruptions (SE) is also evidenced by the fact that higher thermal anomalies were detected exclusively from November 2014 to March 2015 (Fig. 5a ). The analysis of the time series also indicates that periods characterized by PE activity typically show VRP values < 0.5 MW (logVRP = 5.7) despite a clear distinction on the probability plot cannot be observed (Fig. 5c ). This suggests that the transition between PE and HFA is represented by one single population of data, likely reflecting a unique process characterized by a continuum of thermal energy release. Conversely, the transition from HFA to SE is represented by the occurrence of a new population of data, likely related to a change in the source of the anomalies, i.e., hydrothermal versus magmatic origin.
In summary, the analysis of the 2000-2017 dataset confirms that two major factors induced thermal anomalies at Nakadake. These are the "glowing fumaroles" and the source of strombolian activity (cf. crater 1; Sudo 2001); both are characterized by distinct intensities of radiant flux detected from satellite images.
The transition from phreatic-phreatomagmatic to Strombolian activity
We will now analyze the transition from phreatic-phreatomagmatic to strombolian activity and vice versa, in the light of satellite data and ground-based measurements collected at Nakadake since 2013.
In Fig. 7 , we report a comparative diagram with the whole MIROVA time series together with the data collected by the thermal camera located in the western side of the crater. Four LANDSAT 8 OLI images (Fig. 7) that depict the different stages of evolution of this transition are also reported. In general, there is a basic agreement between the magnitudes of radiative power of the two data sets during early-mid-2014 (Fig. 7b) . However, during the beginning of that year the apparent temperatures measured at the southern wall of the crater (hereby defined as South Area) reached values of about 600 °C, and those of the Central Pit (crater 1) had a drastic increase (up to ~ 400 °C) accompanied by the drying out of the crater lake (Fig. 7a, second image) . In the following months, the heat flux and the temperatures of the fumarole field of the South Area were rather stable, whereas those of the Central Pit (Crater 1) first fell below 200 °C, then fluctuated from 120° to 380 °C in April; it drops again below 200 °C during early July and since then it shows and increasing trend, above 400 °C. The end of August 2014 marks the transition from phreatic-phreatomagmatic to Strombolian activity (e.g., Nobile et al. 2017 ).
An increasing trend was also recorded by MIROVA within the first decade of September and peaked (at 15.6 MW) about 11 days after the major explosion of November 27, 2014. On that date, the apparent temperature recorded at the Central Pit reached its maximum value well above 600 °C. Noticeably, the heat flux recorded by the thermal camera on the fumarole field of the South Area has been relatively stable around 2 MW until February 2015. The temperatures of the fumarole field (South Area) were slightly fluctuating (around 490-575 °C) before the explosive event (of October 8, 2016) and started to exhibit a decreasing trend in the following days.
In the light of the above, it can be inferred that the "apparent discrepancy" between the radiative power recorded by MIROVA and the one measured by the FLIR camera is essentially due to the fact that satellite data are systematically affected by both the intra-crater thermal anomalies, i.e., the one of the Central Pit together with the one on the South Area, where the fumarole field is located.
Anyhow, all the recorded parameters follow a relatively regular decreasing trend after the major explosion of November 27, 2014. Conversely, the temperatures of the Central Pit show a rather abrupt decrease, down to about 150 °C by mid-January 2015, and then fluctuate from below 100-220 °C until the end of June. This time span overlaps the ceasing of the Strombolian cycle, which occurs at the beginning of May (e.g., Nobile et al. 2017 ). A thermal pulse was then recorded in late Julyearly August 2015 (with apparent temperatures reaching 360 °C) followed by a decreasing trend below 100 °C that marks the reappearance of crater lake (late September 2015). Conversely, both temperatures and the heat flux recorded at the South Area have a moderate constant decrease until mid-February 2016, when they reach their minima, and then progressively rise being always below 300 °C and 1 MW, respectively. Also the temperatures of the Central Pit moderately rise from March 23 to June 8, 2016 reaching a relatively high value, of ~ 270 °C, on April 20. During this period, the crater lake dried out and was then replenished by July 6, 2016. We have to emphasize Fig. 7a , third image from left). It is interesting to note that, following the major phreatomagmatic explosion of October 8, 2016, MIROVA started to detect alerts well above 1 MW (among them several at and/or slightly above 2 MW). It is therefore likely that the explosion of October 8 contributed to the reactivation of the fracture system associated with the hot fumaroles (Fig. 7, right images) . This is also consistent with ground-based measurements.
Conclusions
Aso Volcano, also known as Nakadake, in north-central Kyushu has been characterized by a transition from phreatic-phreatomagmatic activity to Strombolian and vice versa. The summit of the volcano consists of a crater area with an active fumarole field and an acidic lake which is replaced by an inner pit crater during Strombolian phases, where the activity is concentrated. We have analyzed the thermal signature during unrest episodes by combining the MODIS-MIROVA data set (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) with high-resolution images (LANDSAT 8 OLI and Sentinel 2) together with ground-based thermal observations (2013) (2014) (2015) (2016) (2017) .
The typical cycle (e.g., Sudo 2001) normally starts with fumarolic activity, which then evolves to vapor and phreatic eruptions from the intra-crater Yudamari lake. During this stage, the volcanic radiative power (VRP) detected both by MODIS-MIROVA and ground-based FLIR T440 data was normally below 0.5 MW. With increasing activity, phreatic eruptions may be accompanied by the drying out of the water lake. This process is accompanied and/or followed by high fumarole activity (HFA, with measured apparent temperatures of 500-600 °C) and normally preludes the onset of Strombolian activity which is characterized by the typically mild Strombolian eruptions, magma puffing from the inner summit vents, and occasionally by major Strombolian eruptions with the ejection of mafic pumiceous scorias (see Cigolini et al. 2008 Cigolini et al. , 2015 for a summary of these eruptive styles at Stromboli). During this phase, the volcanic radiative power (VRP) detected by MODIS was well above the threshold of 2.8 MW, whereas groundbased heat fluxes fluctuated around 2 MW. This "apparent discrepancy" is due to the fact that satellite data record the combined effects of both the intra-crater thermal anomalies: the one of the Central Pit together with the one on the South Area.
However, prior, during and after the major Strombolian explosions (such as the one recorded on November 27, 2014) satellite VRP data are well above 10 MW, reaching peak values of 15.6 MW 11 days after the cited explosion. Following the ceasing of the Strombolian phase, the volcano has reentered the phreatic phase with the refilling of the water lake (that was replenished by early July 2016), locally accompanied by phreatomagmatic eruptions. During this phase, satellite data processed by MIROVA exhibit very few thermal alerts, whereas ground-based measurements initially were fluctuating around 1 MW, and then progressively decreased toward their minima. The most violent explosion occurred on October 8, 2016, and by the end of that month some of the detected heat fluxes (both by MODIS and FLIR) reached values above 2 MW. This is coeval with an increase in temperature of the fumarole field of the South Area, which reached values well above 300 °C. It is therefore likely that the above explosion contributed to the resetting of the summit fracture network, enhancing fluid migration and moderately higher heat fluxes within the fumarole field.
In conclusion, we emphasize that thermal monitoring is a key parameter in volcano surveillance. We have hereby provided VRP threshold values that define the transition from phreatic-phreatomagmatic activity, through high fumarole activity (HFA), to a Strombolian phase at Nakadake. It is interesting to point out that, so far, similar VRP values have been recorded during the very early stages of unrest at Santa Ana volcano (from October 2004 to early January 2005, cf. Laiolo et al. 2017) . The crosschecking between satellite data and ground-based measurements further proves that the firsts are sufficiently efficient in monitoring crater lake activity. These may be very useful during critical unrest episodes because they can minimize the exposure of researchers and technicians during field work. Moreover, their systematic collection and automated processing is an additional tool to investigate volcano dynamics and to mitigate volcanic risk at a larger scale.
